Background and Purpose: Although several local cerebral glucose utilization (LCGU) studies using rat forebrain ischemia models have been performed to date, none that investigate long-term postichemic changes in LCGU throughout the brain have been reported. We investigated postischemic changes throughout the brain over 14 days using a rat forebrain ischemia model.
T he brain derives energy almost exclusively from the oxidation of glucose. Thus, local cerebral glucose utilization (LCGU) studies reveal important information about the functional state of the brain. Changes in LCGU after cerebral ischemia have been studied using global (forebrain) ischemia models as well as local ischemia models. Both models have contributed to the understanding of the mechanisms of brain damage resulting from ischemia.
A local ischemia model has revealed that damage due to cerebral ischemia is not limited to the severely ischemic areas of the brain; in the rat middle cerebral occlusion model, damage has been reported to slowly progress into the thalamus and substantia nigra, neither of which are subjected to ischemia in this model. '2 Accordingly, to determine the pattern of postischemic damage, changes in LCGU should be monitored in structures throughout the brain over a long period.
Although several LCGU studies using the forebrain ischemia models have been performed to date, none that investigate long-term postischemic changes in LCGU throughout the brain have been reported. In a See Editorial Comment, page 1574 study restricted to the hippocampal formation, changes in LCGU over 3 months were investigated using the rat two-vessel occlusion model. 3 Using the gerbil ischemia model, postischemic changes in LCGU over 4 days were investigated, but the study was limited mostly to areas of the forebrain. 4 Likewise, a study using the rat fourvessel occlusion model reported changes in LCGU over 10 days in a limited number of structures.5 Postischemic changes in LCGU throughout the brain were examined for 2 days using the four-vessel occlusion model in an early study6 and for 18 hours using the two-vessel occlusion model in a more recent study.7 Thus, longterm patterns of change in LCGU that occur after cerebral ischemia have been reported for only a few structures.
In the present study, we investigated postischemic changes throughout the brain over 14 days using the four-vessel occlusion model.
Methods
Male Wistar rats weighing 260 to 330 g were used. They were housed for at least 1 week under controlled conditions of light, temperature, and humidity before surgery.
Cerebral ischemia was produced using the method of Pulsinelli and Brierley8 with a slight modification. Under pentobarbital (50 mg/kg IP) anesthesia bilateral vertebral arteries of animals were electrocauterized. Then a pair of needle electrodes was inserted through the skin covering the skull for recording the cortical electroencephalograph (EEG). Bilateral common carotid arteries were exposed, and a pair of threads was placed around both of these arteries for later clamping. Animals whose cortical EEG became flat by occlusion of the arteries for less than 30 seconds were selected and were allowed free access to water but deprived of food overnight. On the next day, animals were anesthetized with 1.5% halothane for exposure of the common carotid arteries. After the anesthesia was discontinued, the arteries were occluded with aneurysm clips for 30 minutes (forebrain ischemia), and then reflow was allowed by removing the clips. Only animals that lost their righting reflex during ischemia and for 5 minutes after reflow were used for later measurement 
Results
Physiological parameters just before LCGU measurements of rats used in this study are shown in Table 1 . There were no noticeable differences among the nontreated, sham-operated and ischemic groups, indicating that animals of all groups were in good physiological condition.
Because bilateral vertebral arteries of the shamoperated animals were electrocauterized, the LCGU values of these animals might have differed from those of the nontreated animals. However, LCGU values measured throughout the brain in the nontreated group did not differ from those measured in the sham-operated group. Therefore, we refer to the nontreated group as the control group. Comparisons of LCGU values between the control and ischemic groups are described below. Table 2 shows LCGU values of cerebral cortices, striatum and hippocampal formation. Also, LCGU data of two structures of cerebral cortex and striatum are displayed in Fig 1 (left side) , and those of hippocampal formation in Fig 2 (left side) . Six structures of cerebral cortex showed almost the same pattern. At 1 and 3 days after ischemia, LCGU was reduced remarkably but recovered to almost the control level at 5 days after ischemia. At 7 days after ischemia, LCGU reached either the control level or a level somewhat higher than the control. At 14 days after ischemia, LCGU returned to either the control level or a level somewhat lower than the control. In all the cortical structures, LCGU at 14 days was lower than that at 7 days after ischemia, suggesting that a secondary reduction of LCGU took place. We designated this pattern type 1. The LCGU change in the striatum was also type 1.
LCGU value in the CA3 was reduced remarkably at 1 day after ischemia but recovered to near the control level at 3 days. At 5 and 7 days after ischemia, it was at the control level, and it was a little lower than control level at 14 days after ischemia. LCGU value in the dentate gyrus was reduced at 1 day after ischemia, but it recovered to the control level at 3 days. At 5 and 7 days after ischemia, it slightly exceeded the control level, and it returned to the control level at 14 days after ischemia. On the other hand, LCGU value in the CA1 showed atypical changes. Although it was reduced at 1 day after ischemia, it was returned to the control level at LCGU value was at 7 days after ischemia, and it was 2.6 times higher than the control level. Table 3 displays LCGU values in structures of the forebrain (except cerebral cortices, striatum, and hippocampal formation), diencephalon, and midbrain. Among these structures, LCGU changes in the thalamus, lateral geniculate body, and medial geniculate body were type 1. LCGU changes in the lateral septum followed a pattern similar to type 1 except that the values at 5 and 7 days after ischemia were almost the same.
The patterns of LCGU change observed in the nucleus accumbens, globus pallidus, amygdala, hypothalamus, superior colliculus, inferior colliculus, red nucleus, and substantia nigra pars compacta were all similar, but different from type 1. In these structures, LCGU values were slightly reduced at 1 day after ischemia and were recovered to either the control level or near the control level at 3 days. At 5 days, LCGU values were at the control level or at levels somewhat higher than the control. At 7 days, these values further increased and were 15% to 30% higher than those of the control. days, LCGU values returned to the control level. We designated this pattern type 2. As an example, the time course of LCGU changes in the red nucleus is shown in Fig 1 (upper right) . LCGU change in the lateral habenula followed a pattern similar to type 2 except that it did not return to the control level at 3 days. LCGU values in the substantia nigra pars reticulata showed atypical changes (Fig 2, upper right) . Although LCGU was reduced at 1 day after ischemia, it exceeded the control level at 3 days, and from 5 to 7 days it remarkably exceeded the control level. The LCGU peaked at 5 days after ischemia with a value two times higher than that of the control. At 14 days, LCGU returned to the control level. This LCGU change in the substantia nigra pars reticulata differs substantially from that in the substantia nigra pars compacta, which was typical type 2 (Fig 2, lower right) . Table 4 displays LCGU changes in structures of the pons and medulla oblongata, cerebellum, and white matter. LCGU changes in the dorsal raphe nucleus, pons reticular formation, vestibular nucleus, cerebellar cortex, and cerebellar nuclei were type 2 (examples in Fig 1, middle and lower right) . Although LCGU change in the cochlear nucleus followed a pattern similar to type 2, LCGU was constant from 5 to 14 days after ischemia. In the superior olive, LCGU was not reduced at 1 day after ischemia, and it slightly exceeded the control level from 5 to 14 days after ischemia. With regard to white matter, LCGU changes in the internal capsule and cerebellar white matter followed patterns similar to type 1, whereas that in the corpus callosum followed a pattern similar to Values are mean±SEM of four to six animals (see Table 1 ). n, nucleus; SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticulata. relatively rough because of the lower resolution of the local cerebral blood flow study. Therefore, the present study established that LCGU in either severely ischemic or mildly ischemic structures changes according to respective fixed patterns; in the severely ischemic structures, LCGU values were returned to the control level at 5 days, and in the mildly ischemic structures, LCGU values returned to the control level at 3 days. Although a limited number of structures were examined, similar results were reported by Dietrich et al. 5 Using the four-vessel occlusion model, it has been shown that adenosine triphosphate level and cerebral blood flow return to the control level by 1 day, and activity of protein synthesis recovers by 2 days after ischemia.615 Therefore, it became clear that recovery of LCGU is delayed in comparison with the recoveries of energy metabolism, cerebral blood flow, and protein synthesis. If it is correct that changes in LCGU reflect changes in neuronal activity,16 these results suggest that recoveries of neuronal functions may depend on other factors in addition to recoveries of energy metabolism, cerebral blood flow, and protein synthesis.
Kobayashi et al17 measured LCGU at 1 day after 30 minutes of ischemia using the rat four-vessel occlusion model and reported that LCGU was remarkably reduced in white matter as well as in gray matter. This finding was confirmed in the present study. Moreover, it was found that, not only in gray matter but also in white matter, drastic changes in LCGU took place, and the patterns of LCGU changes were similar in both regions. It might be possible that metabolic activity of glial cells are as high as that of neuronal cells. [18] [19] [20] In experiments using cultured astrocytes, it was shown that metabolic activity of astrocytes increased when extracellular K' concentration was raised in a range that was physiologically meaningful.21'22 Furthermore, this reaction was at least partially dependent on NaX,K+-adenosine triphosphatase (sodium pump) activity.22
Taken together, the above observations suggest that metabolic activity in white matter is, at least in part, dependent on that in gray matter. When neurons become more active in a certain area in the brain, the flow of Na+ and K' ions across the axonal membranes of the neurons increases. As a result, the concentration of K' around the axons increases, giving rise to increased sodium pump activity and then to increased glucose metabolism in the nearby glial cells. If this hypothesis is correct, secondary change in LCGU in white matter takes place due to the initial change in LCGU in gray matter because axons pass through white matter. The drastic changes in LCGU in white matter, which are identical to those in gray matter, observed in the present study might support the above hypothesis.
Using the two-vessel occlusion model, Rischke and The results of the present study seem to support the conclusion drawn by Rischke and Krieglstein.23 In our study, a striking increase in LCGU during the period from 5 to 14 days after ischemia was observed only in the CAl. Although a remarkable increase in LCGU was also demonstrated in the substantia nigra pars reticulata, LCGU returned to the control level at 14 days after ischemia. There is no close neuronal connection between the hippocampal formation and the substantia nigra pars reticulata. No region in the brain that sends neuronal inputs to the CA1 was activated during the period when LCGU in the CA1 was increased. Furthermore, as shown in the present study, the LCGU in the CA1 increased by as much as 160% from the control level. In the condition of CA1 neuronal death, it is unlikely that neuronal inputs alone cause such a substantial increase in glucose metabolism. Therefore, it seems proper to ascribe the increase in LCGU in the CA1 to proliferation of astrocytes or other reactive cell changes accompanying neuronal death. Microglial cells have also been shown to proliferate during the postischemic period24 and may contribute to the observed increase in LCGU levels.
In a study using the rat middle cerebral artery occlusion, Tamura et a12 reported that neuronal necrosis, gliosis, and shrinkage of tissue were observed in the substantia nigra pars reticulata at 2 weeks after ischemia. However, this structure was not ischemic in their model. They suggested that the substantia nigra pars reticulata became overexcited following the loss of inhibitory input to this structure from the striatum, which was within the ischemic core, and that this overexcitation brought about cell degeneration and death followed by shrinkage of this structure. This phenomenon of transsynaptic or transneuronal cell death has also been observed in the substantia nigra pars reticulata after local injection of ibotenic acid into the caudate nucleus. 25 In the present study, a remarkable increase in LCGU was observed in the substantia nigra pars reticulata. Comparing the LCGU change in the substantia nigra pars reticulata with that in the striatum seen in the present study, the period of reduced LCGU in the striatum preceded the period of increased LCGU in the substantia nigra pars reticulata. In the four-vessel occlusion model, the substantia nigra is a mildly ischemic structure while the hippocampal formation is a severely ischemic structure.6 It has been well known that the CA1 in hippocampus is a selectively vulnerable area and that the pyramidal cells in the CA1 die in the form of delayed neuronal death.26 As described above, it is highly probable that the increased LCGU in the CA1 observed in the present study results from the proliferation of astrocytes accompanying neuronal death. The situation in the substantia nigra pars reticulata is different from that in the CAl. The increase in LCGU in the substantia nigra pars reticulata might be caused by the transsynaptic disinhibition, as proposed by Saji and Reis25 and Tamura et al.2 A detailed histological study is warranted to elucidate the mechanism of the unusual increase in LCGU in the substantia nigra pars reticulata.
Editorial Comment
Abnormalities in regional glucose utilization after transient forebrain ischemia are dependent on ischemic severity and patterns of selective vulnerability, as well as the duration of the postischemic period studied. In this investigation, Kozuka and colleagues have examined patterns of glucose utilization over a 2-week period after 30 minutes of four-vessel ischemia. They report two observations: first, that severely ischemic structures display markedly reduced rates of glucose utilization for up to 3 days after ischemia, and second, that elevated levels of glucose utilization are present within the CA1 hippocampus and substantia nigra pars reticulata starting 5 days after ischemia.
A prolonged depression of glucose utilization after global ischemia has previously been documented.1'2 In one study, glucose utilization within the somatosensory cortex was significantly reduced up to 5 days after ischemia.' In addition, the normal metabolic response to physiological stimulation was significantly reduced during this same time period. Thus, longlasting abnormalities in neuronal activity and circuit function occur after transient global ischemia.
Abnormally elevated levels of glucose utilization have been reported in various models of brain injury and can occur by different pathomechanisms.3-5 For example, in one study, enhanced glucose utilization within an acute infarct rim after middle cerebral artery occlusion (MCAo) correlated with transient changes in extracellular potassium recorded as direct current (DC) potential deflections.3 In a more chronic study, a rim of elevated glucose utilization associated with a 5-day-old cortical infarct correlated with macrophage invasion. 4 In the present study, increased glucose utilization within the CA1 hippocampus after 5 days was suggested to be a consequence of astrocytic proliferation. Recently, Gehrmann and colleagues6 have also documented microglial accumulation within the postischemic CA1 hippocampus. Thus, inflammatory responses to tissue injury may also participate in patterns of glucose utilization after global ischemia.
As pointed out by the authors, the substantia nigra pars reticulata is only mildly ischemic during forebrain ischemia and is therefore not a selectively vulnerable brain
